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Since the mission of the Consumer Product Safety Commission (CPSC) is to protect the public from hazards associated with products, the potential usefulness of these techniques for the evaluation of fire, and particularly combustion toxicity hazards associated with accidental fires involving combustible consumer products is apparent. Thus, CPSC contracted with CFR to review the current state of fire and hazard modeling and to recommend specific models which might be currently useful by CPSC for this purpose and to identify modifications to these models which would improve their usefulness.
APPLICATION OF MODELS
A model is any set of equations which mathematically represents some physical process. Thus, a model describes what is likely to occur as the process being modeled proceeds. The widespread availability of powerful computers has resulted in the development of models for many complex phenomena. For example, climate modeling forms the basis for most weather predictions done today. These climate models are made up of mathematical expressions for such forces as solar heating and the earth's rotation which cause the development and movement of weather patterns across the earth. In a
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Numbers in brackets refer to the references at the end of this report. similar fashion, fire models contain equations which describe the processes of combustion, heat transfer, and fluid flow produced by a fire within a specific geometry.
Fire Models
Fire models predict the environmental conditions within one or more physically bounded spaces as a result of fire contained therein. They predict how much heat, smoke, and gases are produced by the fire and how each of these quantities is distributed through the building over time.
Some important points about fire models as they currently exist must be understood in order to appreciate their capabilities and application.
Most current fire models have been developed for specific purposes such as to describe a single phenomenon (filling of a compartment) or a specific application (aircraft interior fires) rather than for general use. Fires involve many highly complex phenomena and no single fire model describes all of these phenomena to the same level of detail. Within a given model, specific phenomena may be described empirically, semi-empirically, by partial or complete physics, or may not be included. The level of detail included for any specific process depends both on the level of technical understanding of the process available at the time the model was written and on the specific purpose for that model. Thus, a user must understand the individual model's range of validity and how that applies to the purpose for which the model is being used.
2.2
Hazard Models A hazard model is one which predicts the consequences of an exposure to a specified set of conditions over time.
Thus, a hazard model uses the information on the conditions produced by the fire over time from the fire model and evaluates the impact of these conditions on that which was exposed. In most cases, the hazard of interest is that to occupants of the building. But hazard models could also be used to evaluate property damage as a result of the fire.
Hazard is scenario dependent. That is, hazard must be evaluated for a single, specified set of conditions involving a specific fire in a specific building with a specific set of occupants and their associated physical capabilities.
Risk Models
Risk models predict the cummu1ative threat posed by all possible hazardous events (scenarios) weighted by their probability of occurrence.
Thus an event which is very hazardous but relatively unlikely to occur would be similar in risk to an event which is less hazardous but more likely to occur.
From the above, it can be seen that fire models form the phenomenological base for hazard models, and hazard models for risk models. For engineering purposes for the evaluation of potential impact or benefits of product design changes, material selection, or other hazard migation strategies, hazard models would be the most appropriate.
However, eventually, some consideration of risk will have to be made. This is because changes which reduce the hazard for one scenario may potentially result in increased hazard from some other scenario.
Depending on the probability of occurrence, the overall benefit could be either positive or negative. An example of this might be that a flame retardant which would reduce the hazard from flaming ignitions might also promote the propensity of a material to smolder and increase the hazard from smoldering ignitions. Depending on the relative probabilities of smoldering and flaming ignitions for the product, the overall risk associated with that product might be increased or decreased accordingly.
MODELING TECHNIQUES
There are three general categories of fire modeling techniques; field models, zone models and network models.
Field models divide a space into a 1, 2, or 3-dimensional network of relatively fine elements and, using the governing partial differential equa- will be used to map the distribution of products in the rest of the structure.
DISCUSSION OF AVAILABLE FIRE MODELS
In addition to the categories of field, zone, and network models which relate to the number of spaces into which each compartment is divided for solution, fire models can also be categorized as single compartment models or multiple compartment models relating to the number of rooms in the structure to be analyzed.
Single Compartment Models
By far, most currently existing fire models are single compartment models. Some of the more common single compartment models are shown in Table   1 . These models range from very simple such as ASET (Available Safe Egress Time) [4] which is intended to estimate the upper layer temperature and 
Multiple Compartment Models
Models which calculate the transport of energy and mass through multiple compartments of a structure are a relatively recent development. The three currently available are listed in Table 2 . The Building Research Institute (BRI or Tanaka) [10] and Harvard VI [11] models were published in 1983 and the initial version of FAST (Fire and Smoke Transport) [12] was released one year later.
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The BRI model can be used to predict the distribution of fire products in an arbitrary number of compartments on multiple floors. It contains a relatively simple combustion algorithm for steady-state combustion. TWo major drawbacks of this model involve the lack of vent mixing and a cumbersome solution algorithm for solving the compartment to compartment transport.
The lack of vent mixing means that all energy and mass released by the fire is retained in the upper layers of each compartment. Thus, temperatures, smoke, and gas levels in the upper layer are over-estimated and the rate of filling of each compartment~s slower than would be experienced in real life.
The solution algorithm for transport is cumbersome because the user must specify the order in which fire products will enter each compartment. For compartments in a straight line this is obvious; but for complex geometries this often leads to failures of the model in reaching a solution (convergence).
Harvard VI is multi-compartment extension of Harvard 5. FAST has little combustion within it, requiring that the fire be entered in terms of a mass loss rate, heat of combustion, and species yields. It accepts this data in the form as produced by the furniture calorimeter [13] or cone calorimeter [14] . Where more detailed combustion is needed as input, such as multiple items burning, it is possible to use Harvard V to predict the combustion phenomena and then enter the energy and species release rates predicted by Harvard V into FAST for the remainder of the calculation.
Version 18 will include improved combustion, and the upholstered furniture combustion model of Deitenberger [15] will be incorporated into a future version of FAST. These changes will allow a broader range of applicability for FAST in that it will be able to calculate the changes in burning rate and species yields as a function of the surrounding compartments, as opposed to its current "free burning" assumption.
REQUIREMENTS FOR ASSESSING HAZARD
The major components of a hazard assessment model are shown in Figure   1 . Each of these components is currently being addressed in the CFR program and exist in various stages of development.
Details on the current status, capabilities, and limitations of the component models shown in Figure 1 are beyond the scope of this report. The following sections will discuss factors necessary for the current use of models to assess occupant hazard from consumer products; particularly upholstered furniture and mattresses.
1 Combus tion
Within the hazard model, the combustion process represents the primary source term. That is, it describes the release rates of energy, smoke, and gas species. As shown in the left main block of Figure 1 and as discussed earlier, the combustion process can be described as a specified fire using the data produced by small-or large-scale burns of the product, or can be calculated using a combustion model. For the particular case of upholstered furniture and mattresses, a considerable bank of data exist, largely from CPSC-sponsored work at NBS. Since the bulk of this data was taken in conjunction with the development of the oxygen consumption calorimeters and since the specified fire input to the model was tailored to accept the data from these calorimeters, there should be no need to resort to the more complex procedure of using the combustion model for hazard analysis involving these products unless the scenario to be studied involves multiple items burning.
Flaming Combustion
Most of the data available in these product categories involves flaming combustion. Significant quantities of small-and large-scale calorimeter data are available on individual materials [16] , fabric/filling combinations [17] , mock-ups [18] and complete items [19] .
Data from room experiments are also available [20] . Most of the data. however. was taken under "free-burning" conditions with adequate ventilation for complete combustion. The most difficult aspect of modeling smoldering combustion in either upholstered furniture or mattresses would involve predicting the transition from smoldering to flaming. Since the trigger mechanism is not understood it is not currently possible to predict its occurrence with confidence. Thus.
the best that one could do would be to (somewhat) arbitrarily select a transition time based on experience. With the addition of this facility and the research planned for it, studies of floor-to-floor transport in such a structure will be forthcoming along with the necessary revisions and improvements to the model to better describe these phenomena.
Effect on Occupants (Tenability Limits)
Most researchers agree that processes of biological response are less exact and understood than the physical sciences. 
(FLD).
While this provides a starting point, it is insufficient in the long term since it does not describe such important factors as the cause of the observed effect, variations in uptake rate as a function of activity, or the effect of a varying concentration of individual species components which may change with time or distance from the combustion site due to reaction or loss to surfaces.
Additionally, animal experiments conducted to date have not clearly demonstrated how sublethal effects such as incapacitation and exposure to irritants can be reliably included in the predicted exposure-response. These are clearly important factors for which some algorithms must be developed.
To try to address these issues, CFR has engaged in studies of the exposure-response of animals to a number of the primary toxic species, individually and in combination [21] . Species studied include carbon monoxide, carbon dioxide, hydrogen cyanide, reduced oxygen, and hydrogen chloride (being studied at SWRi with respect to both lethality and incapacitation on a grant). Simultaneously, Japanese researchers have been studying these and a few additional gases with incapacitation as an end point [22, 23] .
At this time, considerable data has been generated and its analysis has resulted in the development of some mathematical expressions based on empirical correlations to these data. While such empirical correlations will again be valuable as an interim step, it is recognized that the final method -14-
II must include kinetic uptake models which include the effect of activity on respiration rate, uptake, elimination, and metabolic changes in absorbed toxicants which impact on the eventual results of the exposure.
Another portion of the exposure-response element is that of the evacuation process and the behavioral aspects of occupants during this process.
In this area at CFR. Alvord has published an evacuation model for large buildings [24] . This model can be used to predict the period of time 
Fire Protection Systems/HVAC
The ability to model the operation of fire protection systems such as detectors and sprinklers or smoke control systems is an important factor in hazard analysis since it impacts on the notification aspect (and thus the point at which evacuation begins), and on the potential to control both the fire and the generation and spread of its products. In addition, HVAC systems can be a factor in mixing within a compartment and as a distribution path within large buildings. Thus, these systems need to be included in the overall hazard modeling.
Modeling Fire Protection Systems
Currently, it is possible to predict accurately the operation of heatactivated devices (heat detectors and sprinklers) as a function of predicted conditions in the room of origin [25] . Estimates of the operating times of smoke detectors as a function of soot mass concentration or number concentration can be made with less accuracy for optical and ionization types, respectively [26] . (small structures) this should not be a major drawback. For a larger structure, both factors need to be addressed and work on them is ongoing. We expect, within one year, to include a convection heater within a room to address the inter-layer mixing phenomena produced by it. Longer term research is needed before inclusion of HVAC systems as a transport path can be accomplished.
Validation
In order to be useful in a practical sense, models must be validated.
That is, we must be able to establish the statistical accuracy of the predicted quantities. This requires much more than simply making direct comparisons with selected experimental results. Thus, CFR, in conjuction with the Center for Applied Mathematics (CAM) of the National Bureau of Standards has established a project to develop techniques to be used for this purpose.
A summary report on validation was recently published by Davies [27] , and a report on comparisons of FAST to a series of gas burner experiments in two and three room configurations will be published in the fall of 1985.
Interestingly, the ease of validating a model against test data is in many ways inversely proportional to the complexity of the modeling technique used. That is, comparisons are most direct for field models since they produce values of physical quantities at a specific point in space which corresponds directly to the location where the quantity was actually measured in an experiment. Zone models, on the other hand, produce what corresponds to a bulk average value within a layer. The average must be derived from experimental data by averaging some number of measured values within a layer which is continuously changing in volume.
Since the measurements are taken at fixed points, one must determine according to an operational definition of layer interface location (which itself must be applied to the data) when they are within one layer or the other. Differences between measured and predicted values might be attributed to the poor quality or accuracy of the data, the paucity or low frequency of the data, the somewhat arbitrary definition of layer interface location, the poor performance of one or several of the predictive algorithms which make up the overall model, or a combination of these. This is not to say that model validation cannot be accomplished, but only that it represents a complex problem.
Managing the Output
The output produced by models is in much the same form as data from large-scale fire experiments. That is, they give temperatures, flows, smoke densities, gas concentrations, radiant flux, etc. at fixed time intervals over the course of the simulation. The difference lies in the fact that fire experiments are expensive and time consuming to run, so their number is generally limited to a few, carefully selected scenarios.
Model runs, on the other hand, are easy to set up and inexpensive to produce, so the limitation with models is the ability to analyze and understand the large amount of data which is so readily available. Thus, it is critical that the models be provided with the capability of presenting their data in a way which is more easily understood, consistent with the purpose for which the model is being used. To address this latter problem, we are developing a computer graphic technique which presents the information provided by the model in a two-or three-dimensional pictorial format along with graphical or tabular presentation of key quantities. This pictorial representation includes color coded hazard information which is also keyed to the data to show the relative contribution of a given parameter to the hazard condition present. In this way, key information is presented to the user in an easily understood manner similar to watching an experiment. Critical events can be noted during the graphical presentation and analyzed later by using the data graphics routines.
With the evacuation sub-model, the graphics output can include occupants' progress displayed along with the environmental conditions to show either successful evacuation or the time, location, and condition which ultimately prevents escape. Mitigation strategies are then apparent to delay the onset of the limiting condition sufficiently to allow successful evacuation.
DATA SOURCES
The compilation of available data necessary to run the models and the overall hazard analysis is a critical part of the program. Gross at CFR has prepared a "pilot" data base report [28J which includes data on common construction materials and references to data on fuels.
With this report as an example, CFR intends to solicit the cooperation of industry in the production and contribution of data on their products in the proper format for use in modeling.
With specific regard to upholstered furniture and mattresses as stated earlier, the bulk of the data has been produced recently in oxygen consumption calorimeters.
Other test methods do not present data in a form compatible with the models. Therefore, a considerable amount of historical data is not directly usable.
Since large amounts of data are necessary to handle the general problems, it is not feasible that CFR or any other single organization can produce this amount of data. This is the reason why the cooperation of industry will be necessary in order to compile the amount of data in the proper form. Our experience to date in discussing this with industry is that they are willing to cooperate and expend the resources necessary to accomplish the goal. Certainly, CPSC can be a key factor in fostering this industry cooperation.
Once compiled, CFR intends to catalog the data in two forms. The first will be a hard-copy catalog containing all of the information in a generic form. Second, a computer data base will be generated which will facilitate access to the data by modelers. Eventually, it is hoped that an "expert system" can be developed which will not only access all available data but will help in the selection of the most appropriate data for the problem at hand. CFR is currently developing capabilities in the expert system technology and is obtaining the necessary hardware and software to develop such a system.
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RECOMMENDATIONS
Based on the current state of technology, it is felt that the capabilities exist to conduct product-related hazard analysis using predictive fire models. This is particularly true for the focus of CPSC on upholstered furniture and mattresses where a significant data base exists in the form necessary for use of these models. Currently, the most appropriate model to use for this is FAST, with Harvard V where the specified fire needs to be replaced with the combustion model. In addition to the state-of-the-art technical capabilities of these two models the fact that they are both the subject of ongoing improvement and support is a critical factor in their recommendation. Also, the further development of FAST, in particular, will be for use in hazard (and risk) assessment modeling as opposed to general fire modeling application such as Harvard VI or the BRI model. The differences among models of fire, fire hazard, and fire risk are described. The use of field, zone, and network models for fire hazard assessment is discussed. A number of available single and multiple compartment models are described. Key considerations with respect to the use of the current models by the Cosumer Product Safety Commission for hazard assessment from upholstered furniture and mattress fires is presented.
Modifications necessary to improve the capability of these models for hazard assessment are identified.
Model validation, output presentation, and data sources are discussed.
Recommendations on specific models for the sponsor to consider for further study and use are provided. 
